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Abstract: Metarhizium (1nisoliae, the type species of
the anamorph entomopathogcnic genus Metarhi-
zium, is currently composed of four varieties, induct-
ing the type variety, and had been demonstrated to be
closely related to M. taii, M. pin e,thaense and M.
gu.izhouen.ce. In this study we evaluate phylogenetic
relationships within the M. ani.copliae complex,
identify monophvletic lineages and clarify the species
taxonomy. To this end we have employed a nniltigenc
phylogenetic approach using near-complete sequenc-
es froni nuclear encoded EF-1, RPB1, RPB2 and -
tubuhn gene regions and evaluated the morphology
Of' these taxa, including ex-type isolates whenever
possible. The phylogenetic and in some cases
morphological evidence Supports the monophyly of
nine terminal taxa in the M. a.nisopliae complex that
we recognize as species. We propose to recognize at
species rank M. anisopliar, M. guizhouense, M.
/nngshaense, M. aciidum stat. nov., M. lepidiolac stat.
nov. and M. inajus stat. nov. In addition we describe
the new species M. giohosurn and M. rohertsii,
resurrect the name M. lirunneum and show that M.
taii is a later synonym of M. guizhouense.

Key words: biocontrol, Clavicipitaceac, Cord y-
reps, en tomopathogen, green muscardi ne, Meta-
rordy reps

INTRODUCTION

The genus Metarhizium Sorokin is composed of
anamorph entomopathogenic fungi that generally
are greenish when conidiating on the corpses of their
arthropod hosts or in axenic culture. They frequently
are isolated from soils, parasitize a broad range of
insect species representing numerous orders and are
found throughout the tropics and temperate regions.
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Species from this genus are used as biological control
agents to manage and prevent infestations of various
Species of superfamily Acridoidea, including locusts
and grasshoppers (Lomer et a] 1997, Milner 1997,
Milner and Pereire 2000, Hunter et at 2001, Lomer et
al 2001). In addition Metarhizium anisopliae
(Metschn.) Sorokin, the type species of the genus,
has heemi shown to he effective iii the control of
malaria-vectoring mosquitoes (Culiciclae, Diptera) -
Two recent studies have estimated that applications
of M. anisopliae could reduce the intensity of malaria
transmission by 75% (Scholte et at 2005, Kanzok and
Jacobs-Lorena 2006).

Liang et at (1991) were the first to confirm the
connection of Metarhiziuin, long considered to be
asexual, to the teleomorph genius Cord ceps (Fr.) Link
(Clavicipitaceae, Hypocrcales). They described C. taii
Z.Q. Liang & A.Y. I.iu and linked it developmentally
to their newly described anamoi-ph species, NI. taii
Z.Q. Liang & A.Y. Liu. This genus-level anamorph-
teleomorph connection was substantiated further
when Liu et a! (2001) described a Melarhizivin
anamorph for C. lirittlebankisoides Zuo Y. Liu, Z.Q.
Liang, Whalley, YJ. Yao & A.Y. Liu. This link has been
supported by subsequent molecular phylogenetic
studies (Liu et at 2002, Iluang et at 2005a). The
sexual states of Metarhiziurn species have been
transferred from CordcePs to iVietacordyceps Sung et
a] (2007).

Before Tulloch's (1976) revision of Metar/uzium 13
species and two varieties had been proposed (see
www.IndexFungorum.org). Tulloch rejected three
species described by Sorokin (1883) as defined
according to the morphology of the hyphal bodies
formed within the hemocoel of their respective insect
hosts. Based on the illustrations accompanying the
descriptions of Metarhiziurn spp. by earlier authors,
Tuulloch determined that some species were not
members of the genus and she concurred with the
synonymies proposed by others (Gams and Rozsypal
1973, Latch 1965, Speare 1912, Veen 1968). In the
end Tulloch (1976) rejected most of the published
names and reduced the genius to two species (i\4.
an.isopliae and Al. jiavovirde W. Cams & Rozsypal)
including the type and one other variety (NI.
anisoph.ae var. an isopliae arid 1W. an isopliae var. majus
[J.R. .]ohnst.] M.C. lulloch).

In the most comprehensive morphological and
molecular phylogenetic treatment of Metarhiziurn to
date Driver et al (2000) followed Tulloch's (1976)
lead in recognizing species complexes for Ni.
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ani.oJiiiae and Al. flavovi rule in addition 10 NI. ailnLm
Petch, which was supported by Rombach et al (1987).
However they were unable to assess the phylogenetic
affinities of several taxa associated with Metarhizium
that had been described since Tiilloch's (1976)
treatment. The taxa not studied by Driver et al
(2000) included M. pingshaense Q.T. Chen & H.L.
Guo, Al. guizhousense Q.T. Chen & H.L. (;no and Al.
mu (anarnorph of Nletacoidyceps tan). These taxa were
described from China and have not been available for
study until recently.

Driver et a! (2000) expanded the circumscriptions
of Metarhzzzum anisoplzcie and M. Jiavoviride. Applying
the results of a phylogenetic analysis of the nuclear
ribosomal internal transcribed spacer (ITS), Driver et
al (2000) recognized eight lineages as varieties and
one undetermined species group (i.e. iVI. flavoviride
"Type E"). They identified and described varieties
for both species complexes including four varieties of
Metar/uziurn anisopliae, namely M. anisopliae var.
acridum Driver & Milner, IVI. anisopliaevar. anisopliae,
M. anisopliae var. lepidiotae Driver & Milner (as M.
anicopliae var. le/ndwtum) and M. anisopliae var.
rnajus. Driver et al (2000) restricted their descriptions
of new lineages to varieties due to the limited
resolution and support provided by the ITS sequence
analysis. In their ITS phylogeny (Driver et al 2000
FIG. I) all the terminal lineages that defined the
varieties of M. flavoviride form an unresolved
polytomy. Furthermore, the internal nodes within
the dade containing Al. aniso/diae var. anisopliae and
M. anisopliae var. maju.s were unresolved as well.
Isolates associated with the invalidly described noinen
nudum "Al. anisopliae var. frigidum" introduced by
Rath ci. a! (1995) also were included in Driver et al
(2000). The ITS phylogeny of Driver et al (2000)
showed an affinity between ''NI. anisopliac var.
/rigidunz" and NI. Jiavovi ride var. flavovi ride. However
ITS sequence data did not provide significant support
for their reciprocal monophyly despite morphological
differences that support their distinction, hence
Driver ci al (2000) considered them synonymous. In
a study that used a multigene phylogenetic approach
Bischoff et al (2006) unambiguously resolved the
three varieties of Al. flavovmde and described M.
frigidumJ.F. Bisch. & S.A. Rebner (= "M. aniso/?iiae
var. frigidum'') as a morphologically and phylogenet-
icall y well supported lineage within the M. Jiavoviride
complex.

I luang ci al (2005a, b) addressed the taxonomy
and relationships of several taxa from China that were
not included by Driver et a! (2000). In these papers
Metarhizium guiziwuense, M. pingshaense and Al. tail
were synonymized with M. anisopliae. However, as in
Driver ci. al (2000), Huang et a! (2005a, b) derived

their phvlogenetic inferences exclusively from ITS,
which performs poorly in resolving lineages within
iVietar/uzium, especially within the M. anisopiiae
complex. The results reported by Driver et al (2000)
and Huang et a! (2005a, h) suggest that ITS
sequences by themselves are of limited use for
resolving the phylogenetic history of Metarhizium.
However the phylogenetic analysis used in Bischoff et
a! (2006) demonstrated the effectiveness of this
inultigene approach and provides a more sensitive
and robust means to identify Metarhiziurn lineages.

In this study we address and clarify the taxonomy
and phylogenetics of the Metarhiziurn anisopliae
complex that we consider to include all of the four
currently recognized varieties of M. anisopliae as well
as M. guizhouense, iVI. pingshaense and M. taii. To
accomplish this objective we have taken a multigene
phylogenetic approach to determine whether these
previously recognizedl species and varieties are phylo-
genetically distinct. Furthermore we examined the
morphology of isolates from all inferred lineages
within the complex, using ex-type isolates whenever
possible. In the cases of several well supported
intrageneric lineages that are not morphologically
distinct (Driver et al 2000, this study) we have adopted
the genealogical concordance phylogenetic species
recognition criterion (GC-PSR, Taylor et a! 2000) as
implemented by Dettrnan et al (2003) and O'Donnell
et al (2000) to recognize species lineages within this
complex.

MATERIALS AND METHODS

Fungal isolates.—The 57 isolates used in this study
(TABLI.: I) were obtained frorn ARSEF (Agricultural Re-
search Service Collection of Entomopathogenic Fungal
Cultures: Ithaca, New York) and CBS (Fungal Bicxliversitv
Center, Centraalbmireau voor Schinimelculttires Fungal
Riodiveisil y Center, Utrecht, The Netherlands) and repre-
sent a subset ot' the more than 200 isolates examined in the
development of this study. These 57 isolates were selected
because theN were ex-tvpes and/or because they represent-
ed the most inclusive phvlogenctic sampling of the coniplex
based on analysis of' the 5' end of EF-1 (tree not shown).
Included among the isolates examined are ex-types for
Metarhizwm (Inisopliar var. anzsopIae (ARS1.F 7187, cx-
neotype), M. atisopliae var. acrulii in (ARSEF 7486, cx-
holowpe: ARSEF 324, ex-paratvpe; ARSEF 3:191, ex-para-
t ype), Al. an.sopliae var. lipidwt'ae (ARSFF 7488, cx-
paratvpc). Al. Jiavoviride (ARSEF' 2133, ex-holotype), M.
/i'i'idum (ARSEF 4124, ex-holotvpe), M. gziizhouen.se (CBS
258.90, ex-hiolotvpe), Al. /nngc/iaense (CBS 257A90, cx-
holotype) and that of two newts described species described
herein (ARSEF 2596, ex-holotype; ARSEF 2575, ex-holo-
t ype). There IS 110 viable ex-type culture for M. lirunnvznn
Petch. However ARSEF 2107 is considered an authentic
strain because the taxon S author, Petch (1935), idlentifledl it
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FR;s. 1-20. Mature conidiogenotis cells and coiiidia of i\' lelar/uzw in species. Bar = 10 pm. 1-2. Melarhizium majus (ARSEF
1914) 1. Phialides with developing conidia. 2. Mature conidia .3-4. M. guizhouense. 3. Phialides with developing conidia
(ARSEF 7507). 4. Mature conidia (ARSEF 6238). 5-6. M. pingchaense. 5. Phialides with developing conidia (ARSEF 4342). 6.
Mature con idia (ARSEF CBS 257.90). 7-8. M. anisoplzae. 7. Phialides with developing conidia (ARSEF 7487). 8. Mature conidia
(ARSEF 7487). 9-10. M. roberlsti. 9. Phialides with developing conidia (ARSEF 727). 10. Mature conidia (ARSEF 727). 11-12.
M. brunneum. 11. Phialides with developing cunidia (ARSEF 4179). 12. Mature conidia (ARSEF 2107). 13-14. M. iepidiolae. 13.
Phialides with developing conidia (ARSEF 4628). 14. Mature conidia (ARSEF 7412). 15-16. M. acriduni. 15. Phialides (ARSEF
6592); note that apices of conidiogenous cells thicken with successive conidial production. 16. Mature conidia (ARSEF 5736).
17-18. M. glohosum. 17. Phialides (ARSEF 2596). 18. Mature coiiidia (ARSEF 2596). 19. M. Jiavoviride. Mature conidia (ARSEF
2025). 20. M. frigidum. Mature conidia (ARSEF 4124).

C
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and we designate it here as an ex-epitype. The ex-holotype
isolate of M. anrs-opliae var. ma/US (IMI 1714(14) is no longer
viable (Aquino de Miiro pers comm). However a broad
geographic sampling of M. ani.s-oplzae var. majus was used to
assess the status of this taxon and an ex-epitvpe (BPI
878297) derived from a living culture (ARSEF 1914) is
designated hr this taxon.

Morphological evaluations.-Isolates were grown under
ambient light/dark conditions in the laborator y under
fluorescent illumination at approximately 23 C on one-
quarter strength SDAY (SDAY/4) (SDAY: 10 2.5 g/L
Bactopeptone, 10 g/L dextrose, 2.5 g/l, yeast extract,
20 g/I, agar). Observations and measurements were made
on 4-14 d old cultures with a Nikon Eclipse E600
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compound microscope with differential interference con-
trast illumination. Images were captured with ACT-] version
2.12 software (Fu;s. 1-20, Nikon 

C
orp.). Minimum and

maximum values are shown (T,\BtF: 1) and are based on a
minimum of 20 measurements for each featt Ire.

DIVA extraction.—Isolates were grown in SDY/4 broth 5-7 d
oil an orbital shaker set at 125 rpm and 25 C. The tissue was
removed from the broth, rinsed twice with sterile water,
blotted dry with filter paper, frozen at —80 C and
lyophilized. Approximately 50 mg lyophihized myeeliumn
was ground into powder with the l'astPrep tissue honioge-
ni/em (MP Bionseclicals, Irvine, California) for 6 s at a speed
setting of 4.5. The pulverized tissue was h'sed with 900 gI,
lvsis buffer (2 M NaCl, 0.4% tv/v deoxvcholic acid, 1.0% w/v
polvoxvethyle n e ether) and incubated  I 0 min at 55 (
Cellular byproducts were extracted with 750 pt, chloro-
form isoamvl alcohol (24: I ) and centrifuged to separate
the aqueous and particulate phases. The 700 il, of cleared
solution containing DNA was removed, placed in it clean
tube and mixed with all volume of 6 NI guanidiniumtm
isothiocvaimate. DNA was bound to 10 pl,50 : 50 suspension
of acid-washed diatomaceous earth (Sigma, St Louis,
Missouri) and flint glass powder (Minnesota Midwest Clay,
Bloomington, Minnesota) prepared according Vogelsteit
and Gillespie (1979). The silica-hound DNA was suspended
twice in 75% ethanol, dried, eluted in sterile distilled water
by incubating 5 mitt at 55 C.

i'Ll? (1)flpl/JiCaI/Ofl (10(1 nucleotide sequencing.—Genes ttsed
in Otis stttdywere translation elongation Ltctor 1-alpha
(EF-1 ), RNA polytnerase II largest sohtmtut (RPB I), RNA
polvmnerase second largest subunit (RPB2) , J3-tuhtmlin (Bt)
and the nuclear ribosomal imitergenic spacer region (IGS)
Only the 5' end of EF-la was sequenced fbr all 57 isolates.
Also, using the 5' end of EF-1 i we determined the
phylogenetic placement of two presttmptmve cryptic species
of M. anisopliae reported by Ridoclika et al (2001, 2005).
Partial sequences of EF-1, RPR1, RPB2 and Bt were
sequenced for a subset of 33 isolates lot- the combined
multigene analysis. lii addition to the prmmets used in
Biscln iff et al (2006) and thte Bt primers TI and [22 as
described by O'Donnell and Cigelttik (1997) these primers
were developed for sequeticmng purposes: RPRI : Mil Fl (5'-
CGRACMYFRCCYCATTTCA(IAA), Mz1R1 (5'-TFGAGCG-
(;AA YrGCATCAT(:TCC), Mz I R2 (5'-T'I'CARRAARG(
CAlS(;CRCC\VTC) Bt: Ri IF (5'-GGTCCCTTX;GTC-
A(;( F(T1CC), Ri I R (s'-(:AGCCArCAT(;I'rCTTAC;c;(;-
TC), Rt2R (5'-GTAGTGACCCTTG(;CCCA( T).

IGS was sequenced for exemplars validated in this study
for these species: M. anzso/.ilmae (ARSEF 7450, ARSEF 7487),
M. lirunneum (ARSEF 2107), M. gniz/wuense (ARSEF 4303,
ARSEF 4321, ARSEF 6238, ARSEF 7502, ARSEF 7507, CBS
258.90), Al. maju.s (ARSEF 1015, ARSEF 1914, ARSEF 1946,
ARSEF 2808, ARSEF 4566, ARSEF 7505), M. pin gs-haense
(ARSEF 3210, ARSEF 4342, ARSEF 7929, CBS 257.90) and
Al. ii,herlsii sp. nOV. (ARSEF 727, ARSEF 2575). IGS,
including partial segments of the flanking large and small
ribosomal subunits, was amplified in two overlapping
segments, designated here as IGSa and lush. IGSa was
amplified with primer pairs I,SU4 (5'-CCGTYCTTCGCCY(-

GAYTT(x:) and Ma-IGS 1 (5-C ( ;TCACYFGTArFGG(:AC,
Pantou et al 2003) and printer pairs 63() U (5'-CTFI'AGGG-
TAGGCTGCTTGI'T) and NS2 (s'-c;GCI'GCT(;(;CA(:CA-
(;ACTTGC, White et al 1990). Internal primers were
developed for sequencing IGSa (l(;SaFI 2: 5'-GTACCCGG-
(;A :YCCRA(;TAA(;; IGSbR2: 5'-( ;YFC( TGGTCGGGA(T-
TAYA) and 1C,Sb (lc;sbF-t: 5'-(;C(XGYWGWAT!RRATGG-
TV!; I(;StR4: 5'-ACC(;( ;GCG( I'C(T( ;KF(XATI) atrtpli-
cons. All loci were amplified and sequenced according to
Bischoff et al (2006).

Sequence alignment and ph'logenetu analyses.—Sequenclmer
4.1 (Cemie Codes Corp., Attn Amhom, Mich tgan) was used to
assemble and edit seqtmet ne data. Alignments were made
with Clustal X (Thompsonm ci al 1997) with the defaitlt
settimigs. Adjitstmnemmt to the coniptmter-assisted alignment was
needed only in the case of the in Iron-cot tai ning 5' region
of EF-1. 1hese adjustments were made by eve and involved
the elimination of 'ambiguous regions created by i mmsertions
and deletions (indels)

l'livlogemietic h ypotheses were developed with maxiniimmii
parsimony (MP),  nmaximii mmmmi likelihood (Ml) and Bayesiami
inference (RI) methods. The Mltm uanalyses were performed
with PAUI' 4.0b10 (Swofford 2002) with heuristic searches
of 500 randont-addition replicates with ttlR branch-swap-
ping and eqttal character weightin g. Heuristic MP bootstrap
(MP BS) analyses (F'elsemisteimt 1985) with rtut branch-
swapping included 1000 pse Lido replicates, and 10 randomn
addition replicates were performed to provide bootstrap
support values. TIm(- programn CARI.I 0.95 (Zwick] 2006) was
used to identify the nu ut likely tree and to determinetie
maximummit Iikelih tm )d bootstrap Support (MI . BS). File
default settings imi GARI .1 were used, and 1000 bootstrap
repetitions were performed. All log-likelihood ( liii,)
scores reported were calculated with PAUI.

MrBayes 3.1 (I Iumelsemmheck 2000, Ronqutist anrl 1-lumelsemi-
beck 2003) was used For Bayesiami analyses to determine
posterior pmobabilities (RI PP) . The amialvsis was run four
times with each rimmi including 4 MCMC chains (tlmmee cold,
one heated), 1 000 000 generations, sampling every 100
generations (including the first generatiumi) for a total of
40 004 trees. The first 20% of trees from each run were
discarded to allow the log-likelihood scores to achieve
stationarity (i.e. htmrmi-imi) . The resulting mm-ees were imported!
imtto PAUP, and! a 50% eomisensmms tree was computed.

(.lades that are supported with 95% BI PP or greater, 70%
MI. BS or gm-eater and 70% MP RS or gm-eater values were
considered significantl y supported by the data (Mason-
Garner and Kellogg 1996, lamtiomii ci :il 2004, Reeb et al
2004). Mason-Gamer and Kellog (1996), Lumtzoni et al
(2004) and Reel) et al (2004) (lid not address a threshold
criterion for determnining significant support based oil ML
RS values. GARI .1 was not yet available when these two
papers were published. However because the Ml. BS
support values from the GARI,I anal ysis iii this study were
close in ahsohttte value to those fiont the MP BS analysis we
elected in use a 70% threshold to identif y significantly
supported data for ML BS values. The pltvlogranis (Ft(;s. 21,
22) are the consensus trees with the meami branch lengths
from the Rayesiamt analyses.
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EF-lof., RPB I, RPB2 and Bt first were analyzed in-

tlependentiv with \'TP mid Ml. [IS to identih areas of

coticordance and discordance among the plivlogenies of

the genes sampled (Dettnian ci iii 2003) and to com-

pare bOot.StICtj) support lor clades resolved in the dif-

ferent gene trees. In addition, to hiitaden the scope of

taXoil sampling and to locus oil tile most recently

(livelged lineages, the i'apiiv evolving, ii ti -I tit-neli legion

of tile S end ui El-'- I c was anal yzed indepemtdentiv (see

Fl(;. 22).

The results of Driver ci a] (2000), Spamafi>ra cm al (2007)

Sting et al (2007) and our own unpublished work have

confirmed that i'i4etarh,zwm is a nionopil\lcttc group. All

phvlogemietic analyses of the Al. anoopliac complex in this

study used the closely related species Al. /lmvn'i ride and M.

/i'igidii iii as outgroup taX'.t.

TAXONOMY

Based oil results of the phvlogenetmc analyses and

the morphological data, we describe two new species,

elevate three varieties of M. anisopfiae to species level,

resurrect the taxon 11.4. (nun neum and recognize

11,1.guizltonense as die ananiorph of 1t4e(acord)'ee/.s mu.

Despite our inability to delimit all these taxa based

()It characteristics, the molecular data

support the recognition of' these fungi at the species

level.

Metarhizium acridum (Driver & Milner) J.F. Bisch.,

Rehner & I-lumber stat. nov.	 Etus. 15-16

Mvcol1.aiik N413512407

- It-le/au/iizium aiiisopime var. acr,diem Diivrm 9c Milner,

Mvcol. Res. 104:144 (2000).

Me/ar/iizcurn amsopiiae (Mctsch.) Sot-ok., Plant pans-

sites of man and animals as causes of inftctious

diseases 2:268 (1883). Etus. 7-8

l'.nfaiiioji/ii/ioia (I1USU/?/lal Metsehi. Zapiski tulperators-

kogo obshchestua sel'ska Kltozvaistra vtitiinoi mossi

1)45 (1879).

Isaria aiiivophae (Metsch.) Pettit, Cornell Univ. Agri(.

Exp. St. Bull. 97:356 (1895).

I'en,cdlinn, anisa/iliue (Metsch.) \ Tuill., Bull. Trimiicsi.

Soc. Mvcol . Fr. 20:221 (190.4).

= icai'ia devOur/ar Menchi., Zuol Am.. 3:45 (1880).

= ()as/im-a des/rue/or (Met schi . ) Delacroi x, Bull. Tn niest

Soc. N-Is col. Ft. 9:260 (1893).

= Icaria anisop/iae var. americana Pettit, Cornell Univ.

Agnu. Exp. St. Bull. 97:35-1 (1895)

= ['enuj (in iii cu-odin a in 1161m., Sher. Akad. Wiss. Wien

118:405 (1909).

L/h1dl1'h /2/il/fl cicadin urn (1161m.) Petch Trans. [Ii-.

Mycol. Soc. 16:68 (1931).

SI—otrichum pal-a iience N-larch ion nut ,, Ilol . Nlens. Min.

Agnic. None. Buenos Aires 34:241 (1933).
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M'sr 01 A)( ;l..\ ITuti.i: II. Nodal support values for Metarhiziurn species
lineages from GARLI analyses of individual genes. Values in
parentheses indicate support for conflicting topology (see
Results for details)

	

EF-la	 RPBI	 RPB2	 B-tuhulin

M. acriduin	 100	 100	 100	 99
M. anisoplzae	 100	 98	 100	 100
M. bru.nneum	 100	 100	 -
M. glohosum	 N/A	 N/A	 N/A	 N/A
M. guizhouense	 89	 -	 (95)
M. lepidiotac	 100	 98	 -
M. inajus	 96	 -	 (99)	 -
M. p#ngshaense	 82	 -	 100
M. robertsii 	 100	 -	 -	 99

Metarhizwm brunneurn Petch, Trans. Br. Mycol. Soc.
19:189 (1935).	 FIGS. 11-12
In the absence of a readily accessible type Ibr

Metarhizium lnitnneum, we designate a dried culture
stored at the US National Fungus Collection (BPI
878293) as an epitype. This epitype was prepared
from a plate of the isolate ARSEF 2107, which also is
deposited elsewhere as CBS 316.51, IMI 014746,
NRRLI944 and QM 191.

Metarhizium globosum .1 . F. Bisch., Rehner & Humber
sp. nov.	 FIGS. 17-18
Coloniac primum albac, transeuns griseolus-viridus.

Hyphae vegetativae 2.0-4.0 sm crasc. Conidiopliorum
erectus. Phialides clavatus, 5.0-12.0 pill Ct 3.0-
4.0 sm crasse. Conidia globosus, 4.0-5.0 pm crasse.

Colony grown at 25 C on SDY/4 medjuin is first
white becoming pigmented within 5 d to a grayish-
green (color plate 27C6, Kornerup and Wanscher
1967). Vegetative hyphae are smooth and 2.0-4.() pm.
Conidiophores are erect, terminating in branches with
2-3 phialides per branch, forming a palisade-like layer.
Phialides (FIG. 15) are clavate, 5.0-12.0 pm long and
3.0-4.0 pm at their broadest point with strongly
tapering apices. Conidia are globose, 4.0-5.0 pm diam.

1'ypus: INDIA. On Pw-ausla rnaehaeralis (I.epidiop-
tera, Pyraliclae), 12 Sep 1988, collected by RC Rajak
(ENT112) (HOLOTYPE BPI 878294 [dried culture];
ARSEF 2596 ex-type).

Etymology: iVi. giobosuni is named fr its glohose
con idia.

Aielarh,zium guiz/monense Q.T. Chen & H.L. Guo, Acta
Mycologica Sinica 5:181 (1986). 	 Fi Gs. 3-1
= Metarhizium tail Z.Q. lialig & A. Y. Liu, Acta

Mycologica Sinica 10:260 (1991).
Teleornorph: iVIelacordceps lull (Z.Q. liang & A.Y.

Liu) G.H. Sung, J.M. Sung, Hywel-Jones, Spatafora,
Acta Mycologica Sinica 10:257 (1991).

Metarhizium lepidiotae (I)river & Milner) J.F. Bisch.,
Rehner & Humber stat. nov.	 FIGS. 13-14

MycoBank MB5 12409
Metarlazzum aoisoplzae var. lepidiotae Driver & Milner
(as Meta,Jz,um auzsoptiae var. lepidioluin). Mvcol. Res.
104:145 (2000).

Metarhizium majus (JR. Johnst.) J.F. Bisch., Rehner
& Humber stat. nov. 	 FIGS. 1-2

MycoBank MB5 12410
Metarhizzum anzsopizae f. major JR. Johimst.. Entoinog-
enons Fungi of Porto Rico p 27 (1915).

= 7t4etarhizwm anmsoplmae F. oryrtop ha go m Friederichs, Die
Grundfl-agell und Gesetzmassigkeiten der land-mid
Forstwirtschäflichen Zoologie p 199 (1930).
Metarhizzum anzsoplzae var. major (JR. ' loll nst.) M.C.
Tulloch, Trans. lint. Mycol. Soc. 66:409 (1976).

In the absence of a useful t ype for Metarhizium
majus we designate a dried culture stored at the US
National Fungus Collection (BPI 878297) as an
epitype. This epitype was prepared from a plate of
the isolate ARSEF 1914.

Metarhizium pingshaense Q.T. (Then & H.L. Guo, Acta
Mycologica Sinica 5:181 (1986). 	 FIGS. 5-6

Metarhizium robert.sii J.F. Bisch., Rehner & Iluinber
sp. nov.	 FIGS. 9-10

Mycoliaiik MB3 1241 1
Ananorphus in morpliologia iclem ac Meta.rhizium

anisopliae, sed dlistinguihilis characterihus sequeimtibus
iii tel coticl it is fixation ibus: translation elongation factor
positions 257 (gap), 258 (T), 287 (A), 447 (G) and 806 (C).

Melar/uzju m robertsii is morphologically indistin-
guishable from M. anicoplzae. It is diagnosed from
other members of the iVI_ amsopizue complex by these
unique fixed nucleotide characters in the EF-lot
positions: 257 (gap), 258 (T), 287 (A), 447 (C) and
806 (C). Nucleotide positions can he evaluated by
downloading the alignment S2169 from www.
TreeBasc.org .

'rypus: USA. SOUTH CAROLINA, on Curculio
caryae (Coleoptera, Curculionidae) (holotype BPI
878819 is a specimen derived from ARSEF 2575 ex-
type).

Etymolov: M. robertsii is named in honor of
Donald W. Roberts.

Isolate ARSEF 2575 was selected as the ex-type of
A!. roherlsi, because it is widely recognized as an
important isolate in insect biocontrol. Although this
strain was not included in the phylogenetic trees
presented the genes EF-1, lit, and RPB1 were
amplified and analyzed and found to he well
supported within the Metarhizium roherlsii dade.
Furthermore ARSEF 2575 was found to exhibit the
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en1
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97/100	 7501	
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1 01100/100	
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[100/100/100 "'10("looLl 
071	 I

4628100/100.1100

7412	 M. lepidiotee
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324
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00	
H. acridum

74861	 I
.2596 1 	 H. globosum

10011

 00/1 00

76/99/I

100/100/100

70/1

94/1 05

2133 T M. fI.,ovirjde

Outgroup
4124 1 	 H. frigidrn	 I	 0.01 substitutions / site

Ft(;. 21. Majority rule consensus pliviogi-ani honi the Bayesian coiihincd aioalvsis of hF-I '. RPB1 RPB2, Bt (—liii.
19284.18). support values greater than 70% are shown for ML BS, BI PP and NIP BS FcSpeCtiV(l\ (— = Support value < 7017c).
Ex-type isolates are cleulOte(l With a	 -
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1015
1914T
1858
1946

	

978	 M. majus

4566
90/100/92

7505
2808

4303
90/100/99	 7502

4321
7420

5714	 H. guiz/iouense
CBS 258.901

	

70/97	 6238
/78

4604
7507

3826
2107

15198
493/81	 6120

5625	 M. brunneum
6477

4179
4152

6392
988

3210
7929

	

76/99/71	 CBS 257.90	 H. pings/iaense

4342	 I
6472

92/96	 727

	

/94	 H. roberts/i

7501	 I
6347

7450	 H. anisopllae
74571

4154
.473/95	 4628

4587	 H. Iepidiotae
4660

100/1001104	 7412
74881

3391
5748
6592
6421
6597	 1w. acridum

6600
100/100/100	 7486T

100/100/100	 324
5736

	

2596T	 H globosum2133T	
M. flavoviride	

Outgroup4124 T 
M. frigidum	 p

0.01 substitutions/site

l"I(.. 22. Majority rule consensus phvlogram from the Ravesiall analysis of the 5' end of EF- 1 for 57 isolates ( - InL
2560.26). Support values greater than 70% are shown fur MI. RS, PP and MI' RS respectively (— = support value < 70%).
Support Values are included for tile backbone and terminal taxa nodes onl y to prevent overcrowding the figure. Ex-tvpe
isolates are denoted with a

4
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same informative EF-lot nucleotide bases used to
distinguish this species from other members of the M

amsojiliae complex. A single-spore isolate of ARSEF

2575, accessioned as ARSEF 8020, has been designat-

ed for full gcnome scqiteuciig (D. Gibson pers

coin in).
Doug et a! (2007) introduced the name Aldarhi-

zium anms'opimae '''ar. d(jhymumn . Their paper did not

include a description or hololype designation and
therefore this taxon is an invalidl y published ijoinen

nudum. Furthermore Doug ci al (2007) provided no
morphological evidence nor did the y evaluate M.

anmso/)liaP ''var. dj/myium" in the context of other Al.

ant.sopilae varieties. No isolates associated with the

name Al. ani.copiu'ie ''var. thj/ivni in' are available for

study at this time, and we reject this taxon (lite to its
invalid nomenclatural status and lack of any morpho-
logical or molecular evidence that distinguishes it
From other species of the genus.

RESt 'I. I'S

/'hylogenelu' anai'vscs.—Seqiicncing of the four 11 ucle-

ar genes from an exemplar set of 33 AletaJizium

isolates, after exclusion of 104 ambiguously aligned
sequence positions, yielded it total of 7621 aligned

characters that included a total of 741 parsimony
informative characters: 1700 h1, for EF-1 (163
parsimony informative characters), 2783 bp for
RPBI (227 parsimony informative characters),
1799 bp for RPB2 (201 parsimony informative char-

acters) , 1339 bp for Bt (150 parsimon y informative

characters). Ill separate analysis of the 5' end of'EF-
la for an expanded set of 57 isolates the aligned
length of' this locus was 681 hp (139 parsimony
informative characters). Alignments are available
through www.lreeBASE.org (accession number

S2169).
Preliminary (3ARLI Ml, analyses of the individual

genes were conducted to assess whether the inferred
tree topologies from the different data partitions were
phylogenetically congruent. These analyses yielded
significant support from at least two genes for seven
of the nine terminal clades that we interpret to
constitute phylogenetic species (single-gene trees not
shown). Bootstrap support values for the nine species

recognized are provided ( ' l ' \ tu.E II). Topological
conflict among the gene trees was confined to the

dade containing Al. ma/us and Al. guizhouen.ce

isolates and is discussed below.
A dade containing the ex-rieotypc isolate of Al.

(11nisopiiae, ARSEF 7487, is designated here as the
PARB dade and consists of four subclades that we

recognize as the species M. aniso/iiae, Al. nngc1maense,

Al. rohi'rtsmi and Al. &ruflfleUfli. Al. anisopliac received

significant support from all four gene partitions and
conflicted ill none. (T..\m.F: IT). The monophvlv of

both Al. /nmuchae'rise and Al. roherismi received sigiiif

icalit smmp1)ui't from both EF-1 and Bt and did not
conflict with either the RPBI or RPB2 topologies. The

monophvly of Al. brim mmneum. which is the most basal

lineage of the PARI3 dade, received significant
support from EF-1 a and RPB I and conflicted in none.

The single instance of significant conflict among
the individual gene analyses occurred in the place-
ment and relationships of isolates of AT ma/US and Al.

iuizhouense ( = M. tan), henceforth referred to as the

MGT dade. FIF-la was the only gene phvlogeny that

significantly supported the reciprocal mouophyly of

NI. ma/us ant! Al. gumzhouense (96% and 89C/0 ML BS

respectively). RPB2 conflicted with the results of the

EF- lx analysis iii that Al. ma/us isolates ARSEF 4566,

ARSEF 7505 and ARSEF 2808 were placed in a dade
along with the ex-tvpe of Al. guizhouemise (CBS

258.90), ARSEF 7507, ARSEF 5714 and ARSEF 6238
(95% ML BS) , while the other isolates of Al. majus

(ARSEF 1015, 1946 and 1914) and Al. guizhouense

(ARSEF 4303, 4321 and 7502) were sister cladcs (99%
ML BS) . The relationships among the Al. ma/us and

Al. guiz/WUPflSe isolates in the tAt analysis conflicted

with both the EF-loc and RPB2 analyses by grouping

Al. ma/us isolates ARSEF 4566, 7505 and 2808 in it

single distinct dade (94% Ml, BS) and all other Al.

ma/us and Al. t,ruizhouense isolates as it sister dade

(81% MI, BS) . The ex-holotype of Al. guiziwuemise,

CBS 258.90, was placed in the same dade as the

available Al. tan isolates (ARSEF 5714 and ARSEI"
6238) in each of the single gene phvlogenies, tints
suggesting their synonym y as is discussed further

below.
The nionophvlv of V. Iepulwlae was supported

concordantl y by RPB I and RPB2 and did not conflict

with either EF-la or Bt. Metarhizium (1C11(IUm was

significantly supported by all four gene Partitions.
However the basal lineage of the Al. amdum dade,

ARSEF 2596, was phylogenetically distinct in all

analyses, differed morphologically from other Al.

acrirlum isolates and is described herein as the new

species Al. globosum. ARSEF 2596 is at present the

only isolate available for Al. globosum, thus statistical

support For this lineage cannot be determined!.
Because topological conflict among individual gene
trees was limited to sister lineages within 

it

derived lineage, the MGT dade, we opted to combine

the clatasets (Fi(;. 21).
In the combined dataset analyses the consensus

tree with mean branch lengths as determined by
MrBaves (- lnL 19284.18, FI(;. 21) and the best tree
retrieved from the ML GARI.I analysis (—liii,

19284.18) were topologically identical. The combined
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gene tree topology was consistent with the topologies
inferred from anal yses of individual genes. The MP
BS tree (not shown) did not significantl y conflict with
either the BI or MI, trees. The PARB dade (97% ML
BS, 100% RI PP and 98% MP BS) comprises four
species lineages, including Metarhiziurn amsoblzae
(100% MI, BS, 100% BI PP and 100% MP BS) Al.
pingshaense (99% ML BS, 100% BI PP and 99% MP
BS), Al. robertsiisp. nov. (74 MI. BS, 100% B! PP, 62%
MP BS) and the most basal species lineage, Al.
brunneum (74% MI. RS, 100% BI PP and 100% MP
BS). The MGT dade (100% ML BS, 100% BI PP and
100% MP BS) was highly supported as the sister of the
M. anisoplzae dade (100% ML BS, 100% BI PP and
100% MP BS). However both species in this dade, Al.
majus and M. guizhouense, were paraphyletic with
each forming two suhclades in the combined gene
analysis (FIG. 21). Metarhiziurn iepidioiae (99% ML BS,
100% RI PP and 97% MP BS) is strongly supported as
the sister of the PARR and MGT clades (100 ML BS,
100% B! PP, 100% MP BS). The most basal dade in
the Al. anisopbae complex is that containing Al.
acr2dum and Al. globosum (100% ML BS, 100% BI PP
and 100% MP BS) with Al. acridum strongly support-
ed (100 MI. BS, 100% BI PP, 100% MP BS) as distinct
from Al. globosu in.

We further evaluated the relationships within the
Al. anis1iae complex by expanding the taxon set to
57 isolates, focusing exclusively on the 5' end of EF-1
(Flu. 22). We selected this region for further analysis
because, among the four loci analyzed in this study,
the introns within 5' EF-lot provide the greatest
concentration of informative nucleotide variation
and degree of phylogenetic resolution for terminal
clades in Metarhiziurn (pers obs). In this analysis the
consensus tree with mean branch lengths inferred
with MrBayes (—In L 2560.26, FIG. 22) and the best
tree from the ML GARLI analysis (—In 1. 2560,26)
had identical topologies. The topology of the inferred
5' EF-lot tree is consistent with the multigene
phylogeny (Flu. 21), although nodal support values,
particularly for internal nodes, are generally lower.
This finding is not surprising given the fewer number
of variable characters provided by 5' EF-l. However
5' EF-Iot alone provides strong support for all species
lineages in this study and thus is the most accurate
and expedient locus for use in species identification.
A unique and notable result of the 5' EF-Ict phylogeny
is that in the MGT dade (90% ML BS, 100% RI PP,
89% MP BS) Metarhizium mains and Al. guizhoue]me
are significantly supported as reciprocally monophy-
letic (90% MI, BS, 100% BI PP, 92% MP RS and 704
MI, BS, 97% BI PP, 78% MP BS respectively).

Two M. anisopiiae sI. isolates from Bidochka et al
(2001, 2005), each representing one of the two

clades identified as "cold-active" (43A-2i) and "heat-
active" (MAAI-2ii) were obtained from the author
and sequenced for the 5' region of'EF-la only. Based
oil analysis, these isolates belong to Al.
robertsii and Al. lirunneum respectively (data not
shown). Cultures and sequence accessions for these
isolates were deposited in the ARSEF collection and
GenBank (43A-2i: ARSEF 8680, FJ229493; MAAI-2ii:
ARSEF 8685, FJ229494 respectively).

In addition, in a characterization of rDNA and
associated spacer regions for Al. anisopliae Panwu et
al (2003) resolved three well supported clades, A—C,
with IGS nucleotide sequences. IGS sequences were
determined for 21 isolates (GenBank accessions
F1228703—FJ228723) from the PARR and MGT clades
from the present study and compared to the data of
Pantou et al (data not shown). These comparisons
revealed that IGS Clade A includes M. anis&piiae, Al.
pin gchaense and Al. rohertsii. Within 1CS Clack A Al.
aniso/iliae and Al. /ñngihaense plus Al. rohertsii formed
well supported reciprocally monophyletic groups;
however the relationship of M. pingshaense and Al.
robert,cii is unresolved, which form a paraphvletic
grade. IGS Glade B corresponds to Al. ln'unnenm. IGS
Clade C of Pantou et al (2003) is most closely related
to Al. guizhouense Glade 1; however in the limited
sampling of IGS from isolates in this study the MGT
dade is paraphyletic, in agreement with the results
obtained for RPBI, RPB2 and Rt. Based on the
present assessment, IGS by itself does not clearly
resolve relationships in either the PARB or MGT
clades.

Morphological observations.—Colony pigmentation of
the various isolates of Metarhizium. anisoph.ae complex
is initially white and usually becomes yellow during
the early development of conidia (typically 4-7 d)
and becomes greenish as the conidia mature (see
T,LE I). Yellow pigmentation is particularly Conspic-
uous in Al. acridurn, which tends to retain its color
10-14 cI, In addition we observed variation iii colony
color among the isolates within supported lineages
that overlapped with color variation in other lineages,
making it impossible to reliabl y assign diagnostic
colors to taxonomically defined groups. In general
the mature colony color of isolates from the Al.
anisopliae complex is best described as olivaceous or
some slight variation of olive. Most isolates reached
maturity 8-9 d. Likewise all examined members of
the Al. brunneum dade were olivaceous at maturity
except for ARSEF 2107, which was pale yellow.
Aletarhiziu in glohosu m was greener than members of
the Al. acridum dade and did not approach the olive
pigmentation of the other members of the complex.

Conidia are the only morphological feature that
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reliably distinguishes several Melarhiziun species

considered in this study. The coniclia of five of nine
species treated here are closely overlapping in size
and shape with those of Al. aniso/liae (5.0-7.0 X 2.0—

3.5 Mm, FR;. 8) and with each other, including Al.
brunneum (4.5-8.0 X 2.0-3.0 tim, Fir. 12), Al. 14n-

diotac (5.0-7.0 X 2.0-3.5 Inn, Fi(;. 14), M. pingshaense
(4.5-5.0 X 2.0-3.5 MIIi, FIG. 6) and M. roherisii (5.0-

7.5 X 2.0-3.5 tim, FiG. 10). So it is not possible to
distinguish these taxa based on coniclial morphology.
Isolates in the MGT dade have the largest coniclia in
the Al. a.nisopliae complex, and within the MGT dade
Metarhizium maju.s has the largest conidia (Fit;. 2),
which are cylindrical and 8.5-14.5 X 2.5-5.0 pin. In
general the coniclia of Al. majus are rarely less than
10 nn long and are usually 12-13 pm. The second
largest conidia of the complex belong to the Al.
guizhouense ( Al. tan) dade. Con idia of this group
are 6.5-10.0 X 2.0-3.5 pm (FIG. 4), but rarely exceed
9 tim long. Metarhiz,:uin acridum has the smallest
conidia of the complex (FIG. 16). They are generally
ovoid and are 4.0-5.5 X 2.0-3.0 Mm. however the
conidial measurements of Al. acridum isolate ARSEF

324 differed from its conspecifics. The conidia of
ARSEF 324 were similar in size to Al. lepidiotae
isolates, although often broader, 5.0-7.5 X 3.0-

4.5 ,nn. In addition the globose conidia of Al.
giohosum, which are 4.0-5.5 pm diam, are a distin-
guishing characteristic of this species. They do not
resemble the conidia from any other species in the Al.
an.i.sopbae complex or the genus as a whole.

There was a great deal of variation in the size of
phialicles within all recognized species. However there
did however, appear to be a slight positive correlation
between 1hi;mlidic and coniclial sizes, although this
association is too weak to he taxonomically diagnostic.

DISGUSSLON

The species of Pvfe/arhizium, as in many hyphomvce-
tons genera, can be difficult to distinguish morpho-
logically (Crous et al 2005, Rehner and Buckley 2005,

Tsui et al 2006). It has been argued recently that
morphological species recognition (MSR) regularly
under diagnoses evolutionarily meaningful species
(Taylor et al 2000). Thus morphological similarity
between sister and closely related species might be the
result of faster rates of reproductive isolation and
genetic divergence relative to the rate of morpholog-
ical change (Taylor et al 2006). However, if rates of
morphological evolution are heterogeneous among
recently diverging species lineages, morphological
crypsis among non-sister lineages also could be due to
retention of symplesiomorphic morphologies. On the
other hand phenotypic similarities among non-sister

species might result from convergent morphological
evolution (Crous et al 2005, Rehner and Buckley
2005, Tsui ci al 2006), lP clime to occupation of
similar ecological niches. In the case of the Al.
anisofiae complex one or more of these phenomena
might occur because among the species considered
here morphological crypsiS occurs between both sister
and non-sister taxa.

Our approach to dealing with morphological
crypsis in M. anzso/thae is to explore the use of
alternative methods of species recognition. Applica-
tion of the biological species recognition criterion
(BSR) to determine species boundaries as defined by
the ability to interbreed unfortunately is currently not
an option with Metarhiztum.. While readily cultivated
in its mitotic state, neither sexual crosses nor sexual
development have been successfully induced in vitro.
Moreover BSR has been criticized because the ability
to mate represents a single, svmplesiomorphic char-
acteristic (Rosen 1979) that can be critically evaluated
only in the context of a robust phylogenetic hypoth-
esis. By contrast the genealogical concordance phylo-
genetic species recognition criterion (GC-PSR, Taylor
et al 2000) by itself has proven extremely effective at
recognizing diversity within the Al. aniso/Jljae com-
plex in the absence of diagnostic morphological
characters and the present inability to perform in
vitro mating tests. GC-PSR has been used regularly to
delimit closely related and morphologically undmlkr-
entiated species in a wide range of fungi (Koufopa-
nou et al 1997, Geiser et al 1998, O'Donnell et al
1998, 2004, Adam et al 1999, Chavcrri ci al 2003,

Dettman et al 2003, Weber et al 2003, Miller and
I-luhndorf 2004). Altogether our analyses provide
support for the recognition of nine distinct phyloge-
netic species. As in several of the studies cited above
not all gene partitions that we analyzed support the
delimitation of each Metarhiztum species recognized
herein. However a minimum threshold of two-gene
support was achievcdl for the recognition of seven
phylogeiietic species. Where a two-gene minimum
support threshold was not obtained (e.g. delimitation
of Al. majus from M. guizhouen.se) fixed differences in
conidia morphology and a single gene phylogeny
were used as the basis for their recognition. We note
that congruence of only one sequenced gene and
either phenotype or geographic endeinism is corn-
monly invoked as the basis to propose species status in
fungi (James et al 2001, Rocts et al 2007. Zhao et al

2008).
The core of the M. aniso/iiiae complex is repre-

sented by the IARB clack. The dade contains the
type species of the genus, Al. anisopizae, and consists
of four well supported species lineages that we have
recognized here as M. ping5haense, M. anisopiiae, Al.
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robertsii sp. nov. and M. brunneu.rn (FI(;S. 21-22). All
four species are global iii distribution, and the isolates
examined in this stud y originated from Asia, Austra-
lia, Europe and North and South America. Because
few isolates from Africa were available at the time of
this study our knowledge of lVIetar/iizia in from this
continent remains fragmentary. With the ability to
separate these cryptic species using objective ph yla-
genetic criteria it is now possible to mount systematic
efforts to search for additional physiological and
ecological features that might further differentiate
these phvlogenetic species. The genealogical data
presented here does not clarify the historical phylo-
geography of any of these species, which is obscured
by their ubiquitous distributions. Determining the
centers of origin and dispersal histories of these
species will require further analysis requiring both
phylogenetic and population genetic approaches.

Melarhizium ln-unr,eum is the most basal lineage in
the PARR dade. As with other members of the dade
we found it impossible to differentiate isolates of Al.
lirunneam from Al. anisopiae, based oil

 characteristics, with the exception of the l)i-
sumptivc color mutant ARSEF 2107. Petch (1935)
designated a type collection from the Philippines,
which he described as turning brown in mature
colonies. This color variant may occur regularly in
nature based on the fhct that Petch had identified
multiple isolates as Al. brunneum and front

 distant locations (see collections 1W! 447601
and LW! 447602). However because the type Specimen
of the species is not easily available for examination
and because no ex-typc culture exists we have
designated ARSEF 2107 (Oregon, USA), all
that was authenticated by Petch, as the basis for an
epitype. It is important to note that the majority of Al.
bra rineum isolates examined here possess th- typical
olivaceous Al. anisopliae color instead of the buff or
tan pigmentation as described for the type specimen
or the ex-epitype culture, respectively.

The distinction between Al. majus and M. guiz-
houense is difficult to interpret because their relation-
ship was not conclusively resolved with the molecular
data at hand. Based oil observations
and especially the results from the 5' end of EF-IY.
(FI(,. 22), we conclude that there is sufficient evi-
dence to segregate the associated isolates into the two
species. From the standpoint of morphology the
conidia of Al. gu/zhouense were consistently smaller
than those of Al. majus. No isolate of Al. guizhouense
produced coniclia larger than 10 jim while all isolates
of Al. maju.s produced coniclia greater than 10 pm
long. Thus the morphological data support the
recognition of Al. maju,c and Al. gulzhouense. Howe-
er the conflicting topologies between the RPB2 and

Bt gene trees (not shown) contradict the monophvly
of these taxa. As mentioned above we recognize that
acceptance of M. majus and iVI. guizhouense at the
species rank (toes not meet the molecular genealog-
ical concordance criteria that we have implemented
in recognizing the other taxa within the Al. anisopliae
complex. However the congruence of the morpho-
logical grouping based oil 	 size with the 5' EF-
1 phylogeny provides a sufficient basis with which to
distinguish and to accept these two species. It is
possible that the incongruity seen between the RPB2
and EF-Iot ph'logenies might reflect incomplete
sorting of ancestral polymorphisms within this line-
age. More detailed phylogenetic stud y of this dade
incorporating additional phylogenetic markers and
increased (axon sampling is needed to further
evaluate the status of these two species.

We determined that Al. laii is a synon ym of the
earlier published name Al. tuiz1uouense (M(;'F dade)
and suggest that Al. P ingshapn,w (PARR dladle) should
he resurrected. Huang et at (2005a, b) presented the
first molecular phylogenetic studies to include Al.
guizhouense, Al. iiuc/i.aense and Al. tali iii a context
that included additional Me/arluzium species. With
ITS sequence data in both papers they reported a
taxonomicall y broad polytoiny for what. we define as
the Al. anisojuiiae complex and concluded that Al.
guizhouense, M. pingchaen.re and Al. fuji all were
synonyms of Al. anisopliae. They also placed M. mayns
Within a broadened concept of tIme Al. anisophaecladc
1)111 did not include it as part of the synonym . The
superior resolution of the mnultilocus phlvlogenetic
hypothesis interred in this study has enabled further
insight into the )hylogenctic and taxonomic status of
these species. For example in the present study
isolates previously identified as Al. fail (ARSEF 57/14
and ARSEF 6238) were consistentl y placed in the
same chide as the ex-type of 114. guizhouense. To
confirm that our isolates were truly Al. fuji we
evaluated their morphology in comparison to other
accounts of the taxomi and found that the comildial
measurements of our isolates were in accordance with
the measurements described in the protolog for the
Species (Liang ci at 1991, Huang et a! 2005a).
Furthermore the Al. fuji conidial measurements were
consistent with those of the ex-type isolate of Al.
guuz/wuence. The holotypes of 114. tail and! Al.
gwizluouense both were collected in the subtropical
Guizhou Province of China, and both were horn
lepidopteran hosts. Together the morphological,
molecular, host and geographic data lead US to
conclude that Al. tail is a synonym of ' M- gmuzhoiense
and therefore the ariamorph of Metacor(Iyceps Ityii
would lx' Al. g'uiz/wuense, which has nomenclatural
priority. Huang et at (20051)) synonymnized Al.
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/nnishaense with Al. (1n/soliaP because of their similar
ITS sequences and morphologies. However we resur-

rect Al. pin g/wense (ex-type CBS 257.90) oil the basis
Of the plivlogenetic support for this species lineage.
Also the coniclial meastirenleilts of CBS 257.90, while

still within much of the range of Al. afliso/iliac, regu-

larly surpassed the limits observed among its cortspe-

cifics.
A !cla)-/iizium lepidiolae is the most basal member of

the Al. amopiiae complex that is also morphologicallv

indistinguishable from Al. anisopiiae. However the

molecular data unequivocally support it as the sister
lineage of the PARB J)llls MGT clades. The similar

coniclial features of Al. lepidiotue and Al. anisupiiae

might represent a symplesiouiorphy that diverged in a
common ancestor of the MGT dade, whose species
produce larger conirlia. Oil other hand the

similarit y might have arisen tltrough convergence. Of
note, based oil our limited sampling, Al. lepidioiae

appears to have the most restricted geographic railge

of all members in the complex. Of the six Al. iepidwtae

isolates included in this study two were from Paputa

New Guinea, two front 	 Australia, and two

From the Australian island of Tasmania.

III our sampling of iVielar/tiziwn acn4vin a number

of isolates, including ARSEF 7486, are closely related.
This species is used regularly as a biological control
agent in Africa against grasshoppers and locusts
under the trade name Green Muscle (D and more

recently as Green (;uard®. The ex-type of the species,

ARSEF 7486 (originally collected from Niger), is the

active ingredient of Green Muscle ® , while Green
Guar( ® isaformulated product based oil
Australian isolate (Milner 2002, CSIR() Fl 18 =
ARSEF 724). Widespread release of Green Muscle (R)

(i.e. ARSEF 7486) ill man y parts of Africa might lead
()t(' to think that isolates in this dade (FI(',. 16) could
be clones separated by multiple generations. 1-lowever
Four of the time isolates (ARSEF 3391, 6600, 324 and
5736), for which 5' EF-Iot sequences were deter-
mined, are a different sequence haplotvpe than
ARSEF 7486 and thus are unlikely to be its clotial
descendants. In addition isolates (ARSEF 6421, 6592,

6597) that do share the same 5' EF- 1 i haplotype as
ARSEF 5748 either were collected beft)re the release

of Green Mitscle® or were collected distant from the
sites of localized applications in the Sahel and
southern and western Africa (www.lubilosa.org )

Although Al. acriduin is primarily known from Africa
and Australia ARSEF 5748 was collected in Mexico in
1992 before the widespread use of Green Muscle®

(Lomer ci al 2001). This suggests that Al. amduin is

more geographically widespread and might occur
naturally in environments where locusts and grass-

hoppers are endemic.

The newly described species Melar/uzium giobosuin

is distinguished from its sister taxon, Al. aeridum,

based oil ittolecular, host affiliation and inorpho-
logical data. Both the tnultigene and 5' EF- I
phvlogenetic analyses significantly supp ort its distinc-

tion (Ft(;S. 21-22). Metar/uziu in globo.cuin is the only

taxon within the genus to prodttce globose coit kIm.

Furthermore Al. acridu in has been collected only

from orthopterans and soil isolations while Al.

globosu in was isolated from a lepidopteran [lost.

Despite having only a single isolate of Al. giobosum

the molecular and morphological data support its
distinction as a new species and hopefully will
stimulate efiorts on the Indian subcontinent to search
for additional isolates of this species.

Biclochka ci al (2001, 2005) used sequence-based

analyses to propose the existence of dlyptic species
Wi thin Al. anisopliae S.I. from eastern Canada. In
addition the usefulness of the nuclear ribosomal
intergenic spacer (IGS) region as a phvlogeuetic
marker was evaluated by Pan toil ci at (2003) and used

to characterize the Me/ui] iziurn diversity associated

with Neotropical leaf(-utter ant nests (Hughes ci at
2004). Cross-reh'rencing the results of these investi-
gations to each other and to the present study is
difficult due to the different genes and isolates
sampled ail(l to the lack of reference sequence data
for taxonomicallv validated isolates. We have ad-
dressed this issue in two ways to determine the

identities of species in these studies. lii the case of

the Biclochka et al (2001,  2005) we sequenced isolates
obtained from the authors' and determined that the
two nut itally exclusive groups the y reported are Al.

rherisi andl Al. lirun iieu in. Isolates from Pantou et al

(2007) were not readil y available, thus we determined

IGS sequences for the isolates of the six species in the

PARB and M(;i' chides of this study and compared

these to GeuBank records submitted b y Pantou ci. al

(2003) and referenced by Hughes et. al (2004).

BLAST (Altschiil et al 1990) anal yses and an

alignment coitibining our sequences with those of
Pantout et al (2003) revealed this correspondence
among these studies: (i) C;rOitl) A of Patitoit et mil

corlesl)ol 1 (l 5 to our PARR chide, however the IGS of

Al. pin:c/laen.se and Al. robertsii are not reciprocally

nionophvletic. and tInts IGS is not infirmative lot
diffetentiatitig species within this dade; (ii) Group B

of Pantuu et al is Al. bn,nnei,,n; and (iii) Group C

corresponds to the MGT (lade, however IGS does not
support the moiiophylv of either Al. gruizhimrnse or

Al. u,ajis, as with man y of the loci sequenced in this
study. This comparison demonstrates the potential

audI need for adoption of standardized molccttlar
identification methods to expe(lite commiltuicatiotl
concern in these organisms.
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The multigene pliviogenetic approach taken in this
study of the Me(arhizizm anisopliae complex has shed
considerable light on this enigmatic group of fungi.
The morphology of species in the complex provides
limited diagnostic information for the lineages re-
solved in the molecular analyses. This is especially true
with colony pigmentation. Other than the extended
period of time in which VI. acndunz produces yellow
pigmentation in culture, the vast majority of isolates of
all species showed various shades of olive at maturity.
Rombach et al (1986) suggested that phialicle mor-
phology might be useful in discerning the taxa of
Melarhiziurn, but like Glare et al (1996) we found
phialide morphology to be plastic within lineages and
not particularly useful for taxonomic diagnoses. We
agree with Glare et a! (1996) and Driver et al (2000)
that coniclial morphology, although useful in some
cases (i.e. M. giobosuin) is also of limited use for species
delimitation and identification. Metarhizium majus
had the largest coniclia followed by M. guizhouense,
whereas M. acridum generally had the smallest (except
for ARSEF 324). however distinguishing M. anis1iae,
M. /.iinshaense, Al.robert.cu , Al. brunneum and M.
iepidwtae based on morphology alone was not possible
in our examinations of these taxa.

We have found that molecular tools and analyses are
the most reliable way to differentiate species within the
Metar/uzium anisüpliae complex. Based on ilm results
of this and a study of M. frigidum by Bischoff et al
(2006), the 5' region of EF-h is In date the most
informative region to use for routine species identifi-
cation within the genus. This region requires only two
primers and is easily amplified. Although EF-1 a alone
is not sufficient fbr fully resolving the genealogy of
Metarhizium, it is currently the most useful single locus
for diagnosing terminal groups as Geiser et al (2004)
found for identifying I'usartum species. Future studies
will determine the use of this single locus fhr the
recognition and identification of phylogenetic species
in other fungal species complexes.
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